The zinc sulphide crystals as-grown and heat treated in different atmospheres, have been studied by photoluminescence technique. A blue emission band (IB) peaking at 2.91 eV has been identified in the mentioned crystals.
Introduction
Zinc sulphide is a direct bandgap semiconductor with Ea = 3.75 eV at room temperature and exhibits very efficient luminescent transitions. The emission property of the erystals as well as of the powder has been studied by many researchers in the whole spectral range from the near band edge [1, 2] to the infrared region. In the visible region there is a very weH-known emission band peaking at around 2.7 eV being the socalled SA (self-activated) band. The nature of SA centre has been studied by numerous authors and it is concluded to be donor-acceptor (D-A) transition [3, 4] . Another explanation for the appearance of a new emission band at the high energy side of the usual SA band is the transition within the SA centre [5, 6] .
During our study by photoluminescence (PL) spectroscopy on the ion implanted ZnS:Al crystals we discovered the luminescent band related to the lattice damage [7] . This band was firstly named IB as "implantation blue" and has a maximum at around 2.87 eV. The nature of the IB transition is still not clarified but it was confirmed that Zn-vacancy plays a very important role in this configuration. The expeoiments for Zn-vacancy concentration dependence of the IB emission intensity were done and also showed that Zn-vacancy could be created by annealing treatment [7] . In this paper we research several detailed features of the IB band, which came from thermally-induced Zn-vacancies. A special property of the IB band is an excitation intensity dependence of PL intensity being superlinear. This will be discussed later.
Experimental procedures
The samples for investigation were cut from an undoped bulk ZnS single crystal, which was grown by a melting method. Some of them were heat treated in molten zinc for 74 hours at 900°C (solvent extraction purification). Some of others were annealed at 400°C under saturated Zn vapour.
The techniques were used as follows: -Photoluminescence excited by 365 nm and 333 nm lines of 100 W mercury high pressure lamp and 100 W xenon high pressure lamp for excitation spectra (herein we call it dc-PL).
-Time resolved PL with nitrogen laser pulse excitation and sampling 1S1 Tektronix. Nitrogen laser pulse has a width of 1 ns, wavelength 337.1 nm and repetition rate 1-100 Hz. Time resolution of 1S1 sampling is 350 ps.
-Luminescence intensity is dependent on excitation intensities at different moments after exciting. By varying the polarized voltage to photomultiplier and using calibrated neutral glass filters for attenuating excitation beam, one could measure the luminescent intensity changing by four orders of magnitude on the excitation intensity.
-In our opinion, it is difficult to get exactly each proper band from a common spectum, which is overlapped by some components. This work needs a good physics understanding on research samples. But several techniques for signal acquisition were used such as time-resolved spectroscopy, selected excitation, etc. On the other hand, computation by the Gauss-Newton for curve fitting and for separation of the spectrum into the components was performed. Our computation based on a suggestion that each component spectum has the Gaussian shape.
-PL measurements were performed at the sample temperatures varying from 300 K down to 77 K. Figure 1 shows PL of samples at room and liquid nitrogen temperatures. Using the computation technique mentioned above we could show that it reveals a predominant emission band peaking at around 2.9 eV. The SA component occupied only a small range. Figure 2 shows dc-PL spectra when the samples are excited by 365 nm and 333 nm lines of mercury high pressure lamp. In this case a power drop onto the sample surface was estimated at about 10 mW/cm 2 . With 365 nm excitation, which is the characteristic excitation of the SA transition [3] , therefore only SA peak was observed. Basing on the characteristics of the PL, excitation spectrum with 333 nm characteristic excitation band, and a quenching in Zn saturated vapour annealing, it is confirmed that the 2.9 eV band and IB band are identified [7] .
Experimental results and discussions
Both types of samples, with and without solvent extraction purification, exhibit the same PL and excitation spectra. This means that the as-grown ZnS crystals are pure enough, or at least some impurities such as Cu, Ag, etc., which came unintentionally into the crystals during growth time play a minor role in the IB emission band.
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In an attempt to understand the nature of the IB centre, measurements of the shifts of PL spectra following the excitation intensity, delay time excitation, sample temperature changes (from now on they are the so-called J-shift, t-shift, T-shift, respectively) and temperature dependence of half-width of the spectra were done. Lifetimes of the IB luminescence at 77 K and 300 K were also determined as 400 ns and 150 ns, respectively. These values are about 10 times (at 77 K) and about 17 times (at 300 K) shorter than those of the SA band. The rapid decay at room temperature explains why in most dc-PL spectra the IB was not clearly visible beside the SA band. Of course, there are some other reasons why the IB band is not apparent in ZnS crystals but the strongest factor may be the excitation intensity dependence of this emission band intensity. The special feature of the 1B band is that the excitation intensity dependence of PL intensity is superlinear as described below. The J-shift was measured at a fixed moment just after excitation by nitrogen laser pulse. This means that SA band would have the smallest superposition to the IB signal. In other words, the intensity ratios of IB signal over SA signal are the largest. The result of J-shift is that the emission peak moved only slightly to the lower energy side corresponding to the lower intensity excitation, while the common half-width was expanded. This shift is much smaller than the J-shift of the SA spectum [8] . Computations on many sets of 8 spectra coroesponding to different excitation rates from 200 kW/cm 2 down to 20 W/cm2 were performed in order to subtract the SA component. In all above speetra intensity of the SA band varied almost linearly on excitation intensity change and occupied only a few percent in the normalized spectra (see Fig. 1 typically) . Final results after curve fitting showed that the IB peak does not move at aH. The slight J-shift shown above is caused by superposition of the SA and IB bands. We revealed the unique feature of the 1B band, i.e. that the luminescence intensity depends superlinearly on the excitation intensity. Figure 3 shows curves based on the following formula:
where I is emission intensity, L is excitation intensity and A is the proportional coefficient. The values of k = 1.67 and 1.5 were received at 300 K and 77 K, respectively. It can be seen that intensity quenching at room temperature is stronger than that at lower temperatures. This factor explains why at room temperature and 333 nm line of mercury lamp excitation the IB band could not be observed (see also [7] ). The time-resolved spectra were recorded at different delay times 0, 30, 50, 100, 150, 200, 300, 400, 600, 1000, 1500 and 2000 ns from excitation laser pulse and at sample temperatures 77 K and 300 K. The results of this measuoement were similar to those of the J-shift experiment, e.g. a small movement of the common peak was due to the superposition of the SA band on the decayed IB luminescence. For much longer delays, only the SA band could be observed and it shifted foHowing delay times as a consequence of D-A transitions. Curve fitting based on the Gauss-Newton method revealed that theoe is no t-shift of the IB band. The T-shift was measured at different temperatures from 77 K to 300 K. Luminescence occurred at a fixed moment just after excitation by nitrogen laser pulse. Theoe is no T-shift of the IB band, either. The parameters and properties of the IB band are collected in Table. Ep is the energy peak and W is the half-width of the IB band; τ is the lifetime of the IB toansition. The shifts of spectra by excitation intensity (J) oo delay times (t) or sample temperature (T) changes have a usual meaning as showed above and as in other publications.
From the obtained results we can confirm that the nature of 1B transition is unlikely D-A recombination. In the past, some authors wrote about the existence of a fast decay component with a time constant about 400 ns at 77 K when measuring the decay characteristics of the SA band [5] . In Ref. [9] the authors recorded a luminescence band peaking at around 425 nm in undoped ZnS crystals. The 425 nm band of undoped ZnS shows a shift neither with increasing delay time nor with decreasing temperature and may be attributed to the transition within the localized centre associated with some defects. In our opinion, in each of the papers [5, 7, 9] the authors failed to show conclusively the characteristics of the blue emission band, which we identified as the IB band.
Recently, some publications have reported a superlinear excitation power dependence of the near band edge photoluminescence of CdTe compound [10, 11] . At sample temperatures low enough for neglecting thermal dissociation of free and bound excitons and with the assumption that the electron concentration in
the conduction band is equal to the concentration of holes in the valence band, the coupled differential equations have been deduced to explain the experimental results. The authors stated that their theory can be applied to other II-VI or III-V semiconductors. In this case, at relatively high sample temperatures it is possible to omit some terms belonging to the excitonic processes. The illustration of the IB transition can be seen in Fig. 4 . The numbers marked the ordinal transitions to emit IB photons. Briefly, the transitions can be as follows:
1. The first process (number 1 in Fig. 4 ) causes absorption and creates electrons in the conduction band with the same number of holes in valence band.
2. Secondly, the electrons from (Zn-vacancy +...) complex, responsible for the IB centre, should fall down to the valence band (marked by number 2). One part of conduction electrons should also relax to some certain donors (marked by number 2').
3. The third process (number 3) is a recombination of the electrons and holes from the conduction band and (Zn-vacancy complex, respectively. With the presented model, depending on the concentrations of donors and acceptors in the crystals, the superlinear excitation intensity dependence of the IB luminescence could be explained.
ConcIusions
The blue emission band named IB band of the undoped zinc sulphide crystals has been studied relatively in detail. The parameters of peak energy, luminescence lifetime, as well as spectral half-width at different sample temperatures have been reported. The characteristics and properties such as no J-shift, no t-shift, etc. and the superlinear excitation intensity dependence of the IB luminescence have been observed. The model of the IB centre is proposed to be a conduction band-acceptor. This acceptor consists of Zn-vacancy and an unidentified part, which is involved in other donors and acceptors. It can be confirmed that the IB centre has a native nature in the ZnS crystal and "IB" is the historic name only, because we revealed this emission band for the implanted samples for the first time. The investigations of electronic stucture and detailed configuration of the IB centre must be continued.
